Facioscapulohumeral dystrophy (FSHD) is an epi/genetic satellite disease associated with at least two satellite sequences in 4q35: (i) D4Z4 macrosatellite and (ii) ␤-satellite repeats (BSR), a prevalent part of the 4qA allele. Most of the recent FSHD studies have been focused on a DUX4 transcript inside D4Z4 and its tandem contraction in FSHD patients. However, the D4Z4-contraction alone is not pathological, which would also require the 4qA allele. Since little is known about BSR, we investigated the 4qA BSR functional role in the transcriptional control of the FSHD region 4q35. We have shown that an individual BSR possesses enhancer activity leading to activation of the Adenine Nucleotide Translocator 1 gene (ANT1), a major FSHD candidate gene. We have identified ZNF555, a previously uncharacterized protein, as a putative transcriptional factor highly expressed in human primary myoblasts that interacts with the BSR enhancer site and impacts the ANT1 promoter activity in FSHD myoblasts. The discovery of the functional role of the 4qA allele and ZNF555 in the transcriptional control of ANT1 advances our understanding of FSHD pathogenesis and provides potential therapeutic targets.
INTRODUCTION
Facioscapulohumeral Dystrophy (FSHD) is an autosomal dominant muscular dystrophy with an incidence of 3.2-4.6 per 100 000 throughout the world (1) . FSHD is clinically characterized by a slowly advancing muscular weakness in an up-to-down manner involving face, pectoral girdle, upper limbs, lower limbs and hips. Most often the disease begins in childhood and adolescence, between the ages of 10 and 20, and affects both sexes (2, 3) . Loss of muscular strength limits both personal and occupational activities and leads to the inability to walk in 20% of FSHD patients. In general, the earlier FSHD develops, the more severe it is.
FSHD has been described in 1884 by L. Landouzy and J. Dejerine (4) . Since then, its molecular basis has been partially elucidated. More than 95% of the patients have a deletion in the subtelomeric region of the long arm of chromosome 4 (4q35 locus) (5) . This region includes a repeated tandem sequence of 3.3 kb, D4Z4. The number of D4Z4 repeats varies in the general population between 11 and 150, whereas it is between 1 and 10 in case of FSHD. The disease is transmitted in an autosomal dominant manner. However, 30% of cases are sporadic resulting from de novo mutation.
There is still no treatment for this disorder that can halt or reverse the symptoms including muscle weakness.
One ORF has been identified in the double homeobox (DUX4) present for each D4Z4 pattern (6) . It encodes a transcription factor that is expressed in FSHD myoblasts. It has been shown recently that the FSHD patients carry a specific nucleotide sequence creating a canonical DUX4 poly(A) signal, which stabilizes the D4Z4 transcripts and induces a toxic gain of function of the last DUX4 transcript (7) . The expression of DUX4 mRNA is influenced by the shortening of the telomere (8) . DUX4 is currently believed to be the main candidate target for FSHD therapy and is the main focus of research (6, 9) . However, the molecular basis of FSHD and the exact mechanisms of this disease remain poorly understood.
Other genes in 4q35 locus, FRG2, DUX4c, FRG1, FAT1 and ANT1/SLC25A4, have been also considered respon-sible for the observed pathology (10, 11) (Figure 1 ). The function of FRG2 (FSH Region Gene 2) remains unknown. However, it has been shown that the induction of myoblast differentiation causes strong FRG2 overexpression (12) . A truncated and inverted unit of D4Z4 expressing DUX4c can inhibit myoblast differentiation (13) . DUX4c protein upregulation has been reported in myoblasts of FSHD patients and in some FSHD biopsies (14) . FRG1 (FSH Region Gene 1) is a highly conserved ubiquitous protein possibly involved in RNA biogenesis and actinbinding (15) . Transgenic mice overexpressing FRG1 manifest the muscle degeneration identical to human FSHD (16) . FAT1 (Atypical cadherin 1) plays a role in cellular polarization, directed cell migration and cell-cell contact. FAT1-deficient mice developed an FSHD-like phenotype (17) . The FAT1 defective splice variants were found in FSHD patients (a contraction-independent FSHD variant) (18) . Finally, ANT1 (Adenine Nucleotide Translocator 1) is expressed primarily in the heart and skeletal muscles and encodes a carrier of ADP/ATP of the mitochondrial inner membrane. The RNA and protein expression studies have shown an increase of the ANT1 level in FSHD muscles suggesting an early role of the protein in the development of the disease (10, 11) .
It has been also shown that epigenetic changes in the myoblasts of FSHD patients could play a crucial role in the FSHD development (7, (19) (20) (21) (22) . The D4Z4 shortening correlates with hypomethylation of the D4Z4 repeat array and destabilizes the structure of chromatin that could lead to changes in the expression pattern of the neighboring genes.
Another type of FSHD, FSHD-like or phenotypic FSHD, represents 5% of FSHD cases and is characterized by the high frequency of sporadic cases (70% of FSHD-like) and the absence of macrosatellite contraction in 4q (23) . This type of FSHD is associated with strong hypomethylation of the D4Z4 macrosatellites on chromosomes 4q and 10q (24, 25) and could be related to the haploinsufficiency of SMCHD1 gene, which is involved in a pathway mediating the methylation of CpG islands (26) and probably required for DUX4 silencing in somatic cells. (25, 27) .
It has been shown that the canonical and phenotypic types of FSHD are associated with a permissive haplotype of the 4q subtelomere (7, 23, 27, 28) . It is a necessary condition for the FSHD manifestation, which consists of polymorphisms surrounding the D4Z4 tandem: the 4qA allele in 3 from D4Z4 ( Figure 1 ) is represented by (i) a pLAM sequence containing a polyadenylation sequence (PAS) of a most distal copy of DUX4 (29, 30) and (ii) a ␤-satellite repeats (BSR) tandem of 6.2 kb length (31), along with a 161 SNP in 5 from D4Z4 (7) . Despite the recent findings demonstrating the heterogeneity of the 5 haplotype, the conservative presence of the 4qA allele in the 98.7% cases strongly supports the importance of 4qA in FSHD (32) .
Although 4qA has been characterized structurally and the role of pLAM sequence has been determined, little is known about the functional role of its BSR part. Previously, using the 3C methodology, which allows the analysis of the chromosome's organization in a cell (33) , we demonstrated a transcriptional regulation activity of 4qA and its physical proximity to the promoters of the ANT1 and FRG1 genes in the nuclei of the FSHD primary myoblasts (19) . This FSHD-associated chromatin conformation predisposes the 4qA allele as a key player of the transcription module that may influence the expression of genes potentially linked to FSHD. So far, there has been no other data concerning the 4qA-BSR function.
The present study reports the functional role of 4qA BSR in the muscular genetic disease FSHD. We demonstrate that an individual BSR could act as an active unit participating in the transcriptional regulation of 4q35 genes. Moreover, we show that the intrinsic sequence differences between BSR units reveal variable transcriptional activity and could interact with different protein partners. This might have implications for understanding the differences in the severity of the disease. Furthermore, we demonstrate that the BSR 4qAe enhancer can regulate the transcriptional activity of the ANT1 promoter. In order to characterize the molecular mechanism of the BSR action, we have found ZNF555, a trans-acting partner interacting with the 4qAe enhancer. This is an uncharacterized protein containing 15 zinc fingers and a KRAB domain, which could possess the property of transcriptional factor. We investigated the expression level of ZNF555 and found that it was high in committed myogenic cells in comparison with their undifferentiated precursors and non-myogenic origin cells. The depletion of ZNF555 strongly influences the ANT1 gene transcription in FSHD myoblasts possibly via the 4qAe enhancer separated by 5 Mb distance in the genome that was demonstrated by the reporter assay. This could be explained by the precedent looping model based on direct interaction of 4qA and the ANT1 promoter in 4q35 locus (19) . Accordingly, the effect of the 4qA allele through the ZNF555 protein opens a new perspective for the understanding of the FSHD disease development at the molecular level, alternative (or complementary) to the DUX4-dependent mechanism. We believe that our findings could be significant for understanding the FSHD pathogenesis and the search for new therapeutic targets.
MATERIALS AND METHODS

Cell culture
We performed experiments on primary human myoblasts from three healthy individuals: Myo N1, Myo N2, Myo N3 and three patients living with FSHD: Myo F1 (D4Z4 4 ), Myo F2 (D4Z4 7 ) and Myo F3 (D4Z4 2 ) (Myobank-AFM, Institute of Myology, Paris and CHU A. de Villeneuve, Montpellier, France) (34), the induced pluripotent stem (iPS) cells were generated from myoblasts and mesenchymal stem cells (MSC) were differentiated from the iPS cells (35) .
CD56-positive myoblasts were cultured in a growth medium consisting of 199 medium and Dulbecco's modifiedEagle's medium (DMEM) (Invitrogen) in a 1:4 ratio, supplemented with 20% Fetal Calf serum (FCS) (Invitrogen), 2.5 ng/ml hepatocyte growth factor (Invitrogen), 0.1 mol/l dexamethasone (Sigma-Aldrich) and 50 g/ml gentamycin (Invitrogen) at 37
• C with 5% CO 2 . Myoblasts were differentiated in myotubes in DMEM medium with 2% FCS for 6 days. The multinucleated myotubes formation was controlled by haematoxylin staining (Sigma-Aldrich).
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The iPS cells were maintained on human foreskin fibroblast (BJ1) feeder cells (provided by i-STEM), which were mitomycin-C growth-arrested (Invitrogen). The hES culture medium was KO/DMEM (Invitrogen) supplemented with a 20% knockout serum replacement (KSR) (Invitrogen), 0.1 mM nonessential amino acids (Invitrogen), 2 mM glutamax (Invitrogen), 50 M ␤-mercaptoethanol (Invitrogen) and 100 UI/ml penicillin/streptomycin (Invitrogen). The iPS cells were passaged every 7 days.
The MSC were cultured in MSC medium containing KO/DMEM (Invitrogen) supplemented with 20% FCS, 0.1 mM nonessential amino acids (NEAA) (Invitrogen), 2 mM glutamax, 50 M ␤-mercaptoethanol and 100 UI/ml penicillin/streptomycin (Invitrogen). The medium was changed every 2-3 days.
The HeLa cell line has been purchased from the ATCC Bioresource centre. The rhabdomyosarcoma (RMS) cells (TE671, Sigma-Aldrich) were maintained in a standard DMEM (Gibco, Life Technologies)/10% FBS (PAA Laboratories BmbH) medium condition with 100 UI/ml penicillin/streptomycin (Invitrogen).
Plasmids and constructs
The constructs on the base of pGL3 vectors (Promega) were used for transient transfection studies (Supplementary Table S1 ). The pGL3-SV40Pro (pPro) vector contains an SV40 promoter upstream of the luciferase gene in contrast to pGL3 (pBasic) without the promoter. The pGL3-SV40Pro-SV40enh (pControl) vector containing the sequences of the SV40 promoter and the SV40 enhancer was used as a positive control to identify a putative enhancer within the BSR sequence.
The p4qA plasmid containing the BSR fragment corresponding to the 4qA allelic variant was designed earlier (19) . We have designed a series of new constructions p4qA 1, p4qA 2 and p4qA 3 first cutting the BSR fragment on three fragments by BglII enzyme: Fr1 (564 bp), Fr2 (435 bp) and Fr (489 bp). Each of these fragments was subcloned into the pPro vector 'upstream of the SV40 promoter. In the second series of experiments, we amplified the smaller fragments Fr4-Fr7 from Fr1, Fr2 and Fr3 and inserted them in pPro via BglII sites to find out a minimal activator inside the BSR sequence. The size of fragments varies from 63 to 203 bps. All constructs were analyzed by sequencing.
To construct the pANT1 and p4qAe ANT1 plasmids expressing the endogenous luciferase under the control of the ANT1 promoter, a DNA fragment of 715 bp containing a wild-type of human ANT1 promoter was amplified by polymerase chain reaction (PCR) using the following primers: FW: 5 -GCTAGATCTGAATTCACCTAGTGGCCC-3 and RV: 5 -TCTAAGCTTCGCGCAGTCCCCGA-3 ; the fragment was inserted into the pBasic and p4qAe vector backbones via BglII and HindIII sites.
The construct pFRG1 (Supplementary Table S1 ) with the human FRG1 promoter was designed earlier (37) and the 4qAe PCR fragment was inserted in the MluI opened pFRG1 vector upstream from the FRG1 promoter (p4qAe FRG1).
The sequences of the fragments used in these experiments are presented in Supplemental Materials (Supplementary  Table S1 ).
Luciferase assay
The transfection procedure and the preparation of the complexes were performed using the JetPEI TM reagent and 0.5 g of DNA according to the manufacturer's recommended protocol (Polyplus transfection Inc). HeLa and TE671 cells were seeded on 48-well culture vessels, 2.5 × 10 4 cells per well the day before the transfection. After a 48-h incubation period, the gene activity was assessed by reagents and supplied protocol with the Luciferase Assay System Kit (Promega). Luminescence detection was performed by a Microlumat LB96p device (EGG Berthold, Bad Wildbad, Germany). Protein concentration in the extracts was measured by QuantiPro BSA Assay Kit (Sigma-Aldrich).
Nuclear extract preparation and olygonucleotide labeling
Nuclear extracts from TE671 were prepared using high salt lysis/extraction buffer: 10 mM NaCl, 20 mM HEPES [pH 7.6], 1.5 mM MgCl 2 , 1 mM ZnSO 4 , 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride (38) . The oligonucleotides corresponding to the BSR-fragments were annealed (sense and antisense) and DIG-end-labeled with terminal transferase (Roche) and DIG-ddUTP (Roche).
DIG electrophoresis mobility shift assay (DIG-EMSA)
We based on the protocol from the DIG Gel Shift Kit manual (Roche Applied Science) adding our modifications. Briefly, binding assay was carried out in 25 mM HEPES pH7.6 containing 1 mM EDTA, 10 mM (NH 4 ) 2 SO 4 , 1 mM DTT, 0.2% (w/v) Tween20, 30 mM KCl, 0.5 mg poly(dI-dC) as a non-specific nucleotide competitor, 0.2 pmoles of DIGlabeled ds-oligo and 0.25 mg nuclear protein extract in a final volume of 5.5 l. All samples were incubated for 15 min at room temperature. After the PAAG electrophoresis the DIG-labeled oligo was transferred to the positively charged nylon membrane (Hybond N+, Amersham) equilibrated in 0.5× Tris/Borate/EDTA buffer (Euromedex) by electroblotting. The transfer was performed at 300mA, 30V for 1 h. Next, the membrane was rinsed in 2× SSC (Euromedex), air-dried during 15 min and baked at 80
• C for 30 min without UV-cross-linking. The blot was incubated with the anti-DIG antibodies (Roche Applied Science) and revealed using the ECLplus kit (Amersham). The films were scanned and developed using Kodak X-OMAT 2000 device. The sequences of oligonucleotides corresponding to Fr 4 (4qAe), Fr 6 and Fr 7 are presented in Supplementary Table S1 . The DIG-EMSA experiment was performed in triplicate and the results were treated using the ImageJ software (NIH, USA).
Detection of 4qA enhancer-binding proteins
The PCR product corresponding to the strongest enhancer from BSR region was incubated with the nuclear extracts (2.5 mg protein) from TE671 cells and was shifted by the DIG-EMSA procedure. The samples were performed in double. One part of the gel was separated and subjected to DIG-EMSA in order to check for the presence of DNAprotein bands. The other part of the gel was visualized using the Coomassie Brilliant Blue R250 (Thermo Scientific Pierce). The bands of interest were determined by the superposition of the film from DIG-EMSA and excised.
NanoLC-ESI-MS/MS for peptide mass fingerprint analysis
The protein bands corresponding to the proteins bound to the 4qAe oligo (Fr 4) were excised from the gel and processed as in (39) . The gel slices were dehydrated with 300 l of 50% acetonitrile followed by 300 l of 100% acetonitrile and then re-hydrated with 300 l of 50 mM ammonium bicarbonate. A final dehydration was performed with two washes of 300 l of 50% acetonitrile followed by two washes of 300 l of 100% acetonitrile. Each wash was carried out for 10 min at 25
• C with shaking at 1400 rpm. The gel slices were dried in a SpeedVac at 35
• C for 10 min. For trypsin digestion, the slices were pre-incubated with 7 ml of 15 ng/ml trypsin (Promega # V5280) at room temperature for 10 min. Afterward, 25 l of 50 mM ammonium bicarbonate was added, and the gel slices were incubated at 37
• C for 16 h. The peptide-containing supernatants were dried at 56
• C by SpeedVac for 30 min and then resuspended in 20 l of solution containing 0.05% formic acid and 3% acetonitrile for mass spectrometry experiments. The resulting peptides were analyzed with a nano-HPLC (Agilent Technologies 1200) directly coupled to an ion-trap mass spectrometer (Bruker 6300 series) equipped with a nano-electrospray source. The separation gradient was 7 min from 5 to 90% acetonitrile. The fragmentation voltage was 1.3 V. The ion trap acquired successive sets of four scan modes consisting of the full scan MS over the ranges of 200-2000 m/z followed by three datadependent MS/MS scans on the three most abundant ions in the full scan. The analysis of the spectra was performed with the DataAnalysis for the 6300 Series Ion Trap LC/MS Version 3.4 software package and the proteins were identified with Spectrum Mill Software package (Agilent).
The sequences obtained were screened against the SWISS-PROT database using a MASCOT search engine. The searches were carried out with a peptide mass accuracy tolerance of 100 ppm for external calibration.
Total RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted using the Illustra Triple Prep Kit (GE Healthcare Life Sciences). The cDNA was synthesized from 500 ng of total RNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) for RT-PCR analysis according to the manufacturer's instructions. The qPCR was performed on a real-time PCR detection system
Step One Plus (Applied Biosystems) using the KiCqStart SYBR Green qPCR Ready Mix (Sigma-Aldrich). The sequences of the oligonucleotides used in this study are listed in the Supplementary Table S2 .
Protein isolation and immunoblotting
The sample pellets were diluted in 150-300 l of 1× phosphate buffered saline with a Protease inhibitor cocktail (Sigma-Aldrich) and sonicated. A NuPAGE R LDS Sample Buffer (Life Technologies) and 5 mM DTT were added and the samples were subjected to the 30 min incubation at 50
• C. Alternatively, total proteins were extracted using 
ZNF555 knockdown
Cultured human TE671 cells, myoblasts from FSHD patients (Myo F3) and healthy individuals (Myo N3), were transfected with an esiRNA-targeting ZNF555 (SigmaAldrich) as described previously (40) using a Lipofectamine RNAiMAX transfection reagent (Invitrogen, Life Technologies). Briefly, before 24 h of transfection, the cells were trypsinized, collected, diluted with fresh medium and seeded in 6-well plates. Initial transfections for identifying effective esiRNAs were carried out in 24-well cell culture plates. Each sample was assayed in triplicate 72 h posttransfection. A non-specific esiRNA-targeting firefly luciferase was included as a negative control (Sigma-Aldrich).
The cotransfection experiments were performed with the luciferase reporter pGL3 plasmids and esiRNA-targeting ZNF555 using a DNA (g) to Lipofectamine TM 2000 (l) transfection reagent (Invitrogen, Life Technologies) ratio of 1:2, followed by luciferase assay 72 h post-transfection. The esiRNA were used at a final concentration of 50 nM in all experiments.
ChIP assay
A ChIP assay was performed in primary myoblasts (Myo N3 and Myo F3) using anti-ZNF555 (SigmaAldrich), antibodies against acetylated H3K9 histone (Abcam) and mouse IgG (Sigma-Aldrich). One microgram of each antibody was used per each precipitation well. We used an Imprint Chromatin Immunoprecipitation Kit (Sigma-Aldrich) and followed the manufacture's instruction. The GAPDH (Sigma-Aldrich) and BSR, 4qAe-f (5 -TCCCCTGTAGGCAGAGA-3 ) and 4qAe-r (5 -CACTGATAACCCAGGTGA-3 ), primers were used in these experiments. The sequences of all oligonucleotides used in this study are listed in the Supplementary Table S2 .
RESULTS
The ␤-satellite repeat (BSR) from the 4qA allele possess an enhancer activity
The 4qA sequence is represented by 6.2 kb of BSR region that is not present in the 4qB allele (Figure 1 ). An individual BSR is a 67-69 bp repeat that includes a Sau3AI restriction site and exhibits a nucleotide polymorphism (41) that could influence the activation capability of each repeat (Supplementary Figure S1 ). All our constructs were based on the pGL3 vector containing the SV40 promoter (pPro). The construct p4qA (19) contains ∼20 BSR (total 1474 bp, Table S1 ). The corresponding constructs, p4qA 1, p4qA 2 and p4qA 3, respectively, were transiently transfected into RMS cells. It was observed that each fragment increased to the same extent of the reporter gene activity relative to the pPro control. Thus, we hypothesized that the presence of any BSR could induce the activation of transcription.
In order to verify the minimal size of activation unit necessary for the activation of reporter gene expression, the additional constructs derived from the previous vectors were generated by shortening again the fragments in the size range 63-203 bp: Fr 4, 5, 6 and 7 ( p4qA 4-7). The maximum activation (36×) of luciferase expression was achieved with the p4qA 4 construct that contained an insertion fragment of 67 bp. It was at least twice as high comparing to the constructions with other sizes of the 4qA repeat fragments. Interestingly, the 63 bp fragment (less than one BSR) maintained the enhancer activity that was 14× higher than a control vector (pPro).
These results show that the highest enhancer activity corresponds to one BSR from 4qA region. The fragment Fr4 of 67 bp, which we named 4qAe has been used in our further experiments.
The 4qAe enhancer regulates the gene expression of 4q35 locus ex vivo
As we postulated previously from our 3C data, the 4qA region may be involved in the regulation of the transcriptional activity of the FRG1 and ANT1 genes (19) . In order to confirm the hypothesis, we proceeded to investigate if the enhancer from 4qA (4qAe) would be able to activate the promoters of the ANT1 and FRG1 genes.
To this end, we designed several constructs on the basis of pBasic vector backbone placing 4qAe together with the promoters of the ANT1 or FRG1 genes (715 and 577 bp, respectively; Supplementary Table S1 ) and compared them with the constructs missing the enhancer. As shown in Figure 3 , the transient transfection of the vector containing the 4qAe enhancer and the ANT1 promoter (p4qAe ANT1) caused, on average, five-fold augmentation of reporter gene expression as compared with the corresponding enhancerless vectors (pANT1). The result of this experiment shows that the 4qAe sequence may contribute to the ANT1 gene activation, if it is put in a physical proximity to its promoter.
Intriguingly, we did not observe the same effect for 4qAe on the FRG1 promoter (p4qAe FRG1) (Figure 3 , Supplementary Table S1 ). There was no significant difference in luciferase expression between p4qAe FRG1 and the corresponding enhancerless construct pFRG1.
The formation of 4qA-enhancer specific protein complex
In order to better understand the mechanism of the transcriptional activation of the genes situated in the 4q35 region associated with FSHD, we decided to test if there are nuclear proteins specifically binding to the 4qAe sequence. A BSR repeat from the 4qA allele holds a transcriptional activator property. The transcriptional effect of the fragments from the 4qA allele was tested 48 h after transfection in RMS cells. The enhancer strength was quantified relative to the luciferase activity generated by the pGL3 plasmid with the SV40 promoter (pPro). The equal amounts of the plasmids were transfected. Luciferase signals were normalized to the total protein content in the extracts. All our constructs were on the bases of pGL3 enhancerless vector (pPro) carrying an SV40 promoter. All inserts from the 4qA region were placed upstream of the SV40 promoter. The initial 4qA fragment of the 20 BSR was divided into small fragments, which were sub-cloned in pGL3. Error bars correspond to a standard deviation of the values of three independent experiments.
The DIG-EMSA essay with nuclear extracts from RMS revealed several slowly migrating complexes. One complex (BS1) appeared to be specific for the 4qA-enhancer fragment (Lane 3, Figure 4A ). Its formation was 80% inhibited by the excess copies of the unlabeled 4qAe fragment, a cold competitor (Lane 4, Figure 4A ). This loss of the DIGlabeled 4qA fragment from the specific protein complex was compensated by its equivalent enrichment in the free-oligo fraction FO (Lane 4, Figure 4A ).
Next, we used different BSR sequences in competition assays to understand whether the intrinsic differences in BSR could influence the binding capacity of the 4qA-enhancer. The inclusion of the excess of heterologous competitors corresponding to Fr 6 and Fr 7 (Supplementary Table S1 ) partially diminished (about 35% in comparison with the experiment without competitors) the amount of DIG-4qAe-protein complex formation in the band shift 1 (Lane 5 and 6, Figure 4A ). These results indicate the presence of 4qAe-specific protein(s) that do not interact with other BSR sequences.
ZNF555 protein specifically binds to the 4qA-enhancer
In the next part of our work, we decided to identify the protein candidates that could be involved in the 4qAe-binding and thus in the 4qA allele function.
For this purpose, we combined the DIG-EMSA and mass-spectrometry approaches, which would allow us to 'fish out' such proteins ( Figure 4B ). Two sets of probes were run in parallel in the gel shift experiment. In both cases, the cold or DIG-labeled 4qAe oligo (Fr 4), and an unspecific competitor poly(dI-dC) were used. In order to render the location of the EMSA bands detectable by chemiluminescence, the samples were spiked with a small amount of the DIG-labeled 4qAe probe in the first set of probes (Exp 1, Ctl 1). The control 'cold' EMSA (Ctl 1) was performed with the addition of excess 4qAe in order to detect the specific displaced band. The revealed DIG-EMSA film was superposed with the Coomassie stained gel of second set of probes. The band corresponding to the shift with 4qAe oligo (Exp 1) was excised from the second set of probes performed in triplicate and analyzed by NanoLC-ESI-MS/MS. The second set of experiments (Exp 2) was performed using 'cold' 4qA. Importantly, in parallel, the nuclear extracts of control samples (Ctl 2) were run without an addition of the DNA probe and the control band of the size of the specific band was also excised and analyzed. Thus, the protein composition between the experiment (Exp 2) and the control (Ctl 2) was compared.
We identified several proteins presented in the experiment (Supplementary Table S3 ) and control (Supplementary Table S4) bands. Among these proteins some of them were identified in both bands, whereas others were found only in the experiment band, and thus, were presumably associated with the DNA probe. From the set of proteins, a zinc finger protein 555 (ZNF555-Q8NEP9) was the most prominent candidate corresponding to search criteria. An MRM analysis confirmed the absence of ZNF555 in the control bands (Supplementary Figure S2A) , whereas the non-specific control protein HSP71 (P11142) was present in both samples (Supplementary Figure S2B) .
Thus, by the combination of DIG-EMSA and massspectrometry approach we identified a zinc finger protein ZNF555, which specifically binds to the 4qAe sequence.
mRNA and protein expression of ZNF555 in myoblasts
We analyzed the transcriptional profile of the ZNF555 gene during myogenesis by RT-PCR. All experiments were performed on four samples from iPS cells derived from human primary myobalsts, 4 samples from MSC differentiated from the iPS cells and 4 samples from myoblast primary cell lines (35) .
We observed an augmentation (200 and 240%) of ZNF555 mRNA expression level in muscle-committed unipotent cells (myoblasts), as compared with pluripotent (iPS) and multipotent precursors (MSC), respectively (Figure 5, A) . We did not find any difference in the expression of ZNF555 in FSHD myoblast cells as compared with the cells from healthy individuals (data not shown).
Furthermore, we analyzed the transcriptional level of ZNF555 in non-myogenic cells, fibroblasts and HeLa. The level of ZNF555 mRNA in HeLa cells was statistically lower as compared with all cells of myogenic lineage. The ZNF555 expression in fibroblasts showed no statistically significant difference from that in HeLa cells.
We investigated the ZNF555 protein expression level in order to confirm the data of transcriptome analysis. The ZNF555 protein has not yet been characterized; the antibodies against ZNF555 have been validated only in few cell types including HeLa cells. The purpose of this study was to analyze the level of ZNF555 in myoblast cells from normal and FSHD patients ( Figure 5B ). Consistent with the ZNF555 mRNA expression data, we did not find any difference in the ZNF555 expression between the cells obtained Further, we compared the ZNF555 protein level between tumor RMS and HeLa cells. We observed high ZNF555 protein expression in the tumor cells of myogenic origin as compared with HeLa cells, which are of epithelial origin. Surprisingly, unlike myoblasts, which did not undergo immortalization, the immortalized myoblasts cells showed a trace level of the ZNF555 protein expression.
Thus, the data of transcriptional and protein level analysis were consistent with each other. This part of our results suggests a possible myogenic specificity of ZNF555 expression.
ZNF555 is a transcriptional regulator of 4qAe
ZNF555 is an uncharacterized protein with a predicted function of transcriptional regulator according to its structure, which has not been experimentally validated. Therefore, we performed the ZNF555 knockdown in order to (i) experimentally determine the size of protein and (ii) provide the mechanistic insights into the ZNF555 contribution to functional region related to the FSHD disease. RMS cells were transfected with enzymatically prepared siRNA, as described previously (40) and analyzed for the gene and protein expression. An esiRNA-targeting firefly luciferase was used as a negative control. As shown in Figure 6A , we observed that the esiRNA against ZNF555 efficiently knocked down the ZNF555 transcription. Next, we performed a western blot analysis and confirmed the knockdown effect on the level of protein expression. We observed a strong band reduction, which corresponds to the size of 60 kDa, approximately ( Figure 6B) . In this experiment, we used a polyclonal antibody against ZNF555 provided by Sigma-Aldrich.
Next, we addressed whether the siRNA-mediated depletion of ZNF555 affected the activity of 4qAe enhancer. For this purpose, we performed the luciferase reporter assay using the same set of constructs as in previous experiments (Supplementary Table S1 ), i.e. vectors containing 4qAe enhancer and corresponding enhancerless vectors. Each reporter vector was transfected alone or co-transfected with esiRNA targeting ZNF555 in RMS cells. We found a significant reduction of luciferase gene expression upon ZNF555 inhibition in the case of constructs containing the 4qAe enhancer: p4qAe SV40, p4qAe FRG1 and p4qAe ANT1 ( Figure 6C ). We did not observe the changes of luciferase expression in the corresponding enhancerless constructs containing the promoters of SV40, FRG1 and ANT1 genes (pSV40, pFRG1 and pANT1). These results are consistent with our EMSA-MS analysis regarding the specific interaction of ZNF555 with 4qAe. Together, these data established ZNF555 as a transcriptional regulator of 4qAe enhancer, which could play an important role in the transcriptional control of the activity of ANT1 and FRG1 genes through 4qAe.
ZNF555 knockdown changes the transcription level of ANT1 and FRG1
We next determined whether the suppression of ZNF555 expression could influence the activity of gene candidates ANT1 and FRG1. We performed the ZNF555 knockdown in FSHD and control primary myoblasts and RMS cells and analyzed the transcriptional level of ANT1 and FRG1 (Figures 6A and 7A) . We found that the ZNF555 depletion (C) Effect of ZNF555 knockdown using 50 nM esiRNA on 4qAe enhancer activity in RMS cells. The ZNF555 esiRNA was co-transfected with the set of luciferase reporter pGL3-based constructs, which contain the 4qAe enhancer or/and the promoters of ANT1 and FRG1 genes. The luciferase expression was analyzed 72 h post transfection. The data shown represent results of two experiments performed in triplicate and normalized against the luciferase expression of corresponding constructs without ZNF555 knockdown (set to 100%). The positive control (Ctl) performed with siRNA against luciferase gene. Data in A and C are shown as mean ± SD. t-test for paired differences with corresponding esiRNA LUC Ctl-(A) and with experiments without ZNF555 knockdown (C) was realized; ***P < 0.001, **P < 0.01, *P < 0.05.
inhibited the mRNA level of the ANT1 gene in both control and disease cases ( Figure 7B) . However, the ANT1 gene was more sensitive to ZNF555 knockdown in FSHD myoblasts in comparison with normal myoblasts, as the inhibition of ANT1 was considerably stronger (P < 0.01) in FSHD cells, while the changes of ANT1 expression were not statistically significant in normal myoblasts. Additionally, we observed a drastic reduction of FRG1 activity (P < 0.001) in both FSHD and normal myoblasts. Although the effect of ZNF555 knockdown impacted the FRG1 and ANT1 genes, in RMS cells the expression level of these genes stayed practically unmodified, as can be seen from Figure 7B . Therefore, these results provide the first evidence of a functional role of ZNF555 in 4q35 locus via the possible implication in the transcriptional gene regulation.
ZNF555 association with 4qA BCR in FSHD and normal individuals
Our finding of the ZNF555 interaction with the 4qA BSR region relied on in vitro binding during EMSA-MS assay, and thus needed to be confirmed by experiments in living cells. Accordingly, we performed the ZNF555-specific ChIP assay in human myoblasts from control and FSHD patients. Using sets of specific primers, we analyzed a relative presence of different relevant parts of the 4q35 region in the ZN555 precipitates in FSHD myoblasts and control myoblasts (Supplementary Table S2) .
First of all, we analyzed the ZNF555 precipitation in BSR region containing the 4qAe enhancer in FSHD and control myoblasts. As we can see from Figure 8A and B, the enrichment of ZNF555 was remarkably high in both samples. Further, we were interested in examining the transcriptionally functional regions corresponding to the known gene-candidates from 4q35 locus. Intriguingly, we found were normalized against Input = 10 and the IgG negative control was subtracted. GAPDH was amplified as a positive control for H3K9Ac. All PCR experiments were performed in a linear range of amplification and the band intensities were measured by ImageJ software. Student deviation was calculated from the data of two to three independent experiments. that ZNF555 binds the ANT1 promoter in both normal and FSHD individuals, but with different level of association (Figure 8 ). Regarding the FRG1 gene, we did not detect significant association of ZNF555 with the FRG1 promoter region in myoblasts neither from FSHD patients nor from healthy individuals. This is consistent with the observation that the FRG1 promoter was not activated by the 4qAe presence in our reporter assay data. We did not find the ZNF555 binding to the FRG2 promoter neither in normal nor in FSHD myoblasts.
Next, we analyzed the association of ZNF555 to D4Z4 repeats. Interestingly, we observed a strong interaction of ZNF555 with DUX4-containing canonical D4Z4 repeats, the reduction of which is associated with the disease. However, we must note that, because of the extensive amplification of the D4Z4 repeats in the human genome, in addition to 4q, our primers can also recognize the repeat sequences from 10q and a single sequence from 3q. Accordingly, these results reflect the ZNF555 binding to any D4Z4 repeat and we cannot be certain if there is a specificity of the ZNF555 interaction with D4Z4 from the 4q35 region. Then, we tested a short version of D4Z4 that contains a homologous DUX4c gene, located in the truncated and inversed D4Z4 unit. We did not find the presence of ZNF555 in DUX4c in both normal and diseased myoblasts.
In addition to the ZNF555 binding to the relevant regions of the 4q35 locus, we were also interested in the association of these regions with active state of chromatin. For this purpose, we analyzed the enrichment in H3K9 acetylated (H3K9Ac) histone, a mark of transcriptionally active chromatin. We observed that the presence of ZNF555 in the 4q35 region was constantly associated with this modified histone ( Figure 8) .
Together, our results demonstrate the association of ZNF555 with the FSHD region. Moreover, we confirmed the possibility of interaction of the 4qAe enhancer from the 4qA BSR region and the ZNF555 protein in myoblasts from FSHD patients and normal individuals.
DISCUSSION
FSHD is an epi/genetic satellite DNA related disease associated with at least two satellite repeats in 4q35: (i) macrosatellite (D4Z4) and (ii) ␤-satellite (a part of the 4qA allele). The slow progress in FSHD research could be explained by the lack of a functional model. The straightforward analysis using an in vivo animal model of the disease cannot be used since linked D4Z4-BSR clusters from the FSHD region are found only in chimpanzees and even this primate never suffers from FSHD (42) .
Exacerbating the difficulties in the FSHD studies, recent publications emphasize the complexity of FSHD (29, 32, (43) (44) (45) , pointing out that no gene candidate proposed so far is sufficient to explain FSHD development. Most of the current FSHD studies have been focused on the DUX4 transcript inside D4Z4 and its contraction (8, 46) . However, the inappropriate expression of the DUX4 stable transcript was observed in FSHD fibroblasts (29) , which are not affected, as well as in muscle cells of some unaffected individuals without D4Z4 deletion (45) . These somewhat controversial observations suggest that the role of DUX4 expression in FSHD and its potential role as a therapeutic target require a more thorough exploration. An additional complexity has been demonstrated by a recent study that identified healthy individuals (2.1% of healthy population) carrying the contracted D4Z4 with 4qA-PAS sequence (32) . Accordingly, the role of the genetic regions other than 4q35 cannot be ruled out, as has been shown for the phenotypic form of FSHD (25, 27) .
However, the contribution of BSR in the 4q35 region has not been explored so far. It is known that the reduction of the macrosatellite tandem is associated with the presence of BSR downstream from the macrosatellite in patients with canonical FSHD or FSHD1. Nevertheless, without the BSR-containing 4qA allele the D4Z4-contraction alone is not pathological. It is important to know that the presence of BSR is associated with phenotypic FSHD or FSHD2/3, which is not related to the D4Z4 contraction (23) . These observations strongly suggest the significance of the BSR presence in FSHD development. Therefore, in the present study, we have focused on the second satellite related to FSHD and studied (i) its functional role, (ii) its molecular targets and (iii) the mechanism of its transcriptional control in the FSHD-related 4q35 region.
␤-satellite repeat is a transcriptional regulator
The ␤-satellite DNA is presented by the tandem arrays of divergent Sau3A 67-69 pb monomer repeat units (53% G + C) (41, 47) . BSR are adjacent to LSau 3.3 kb macrosatellites (D4Z4-like repeats) and show a predominant heterochromatic distribution, which includes all acrocentric chromosomes and chromosomes 1, 3, 4, 9, 10 and Y (7, 28, 48, 49) . Recently, the presence of BSR next to a newly created telomere has been shown to retard its replication timing (50) . Intriguingly, our experiments demonstrate a transcriptional activity inside the BSR tandem of different length, from one up to several repeats and suggest that each BSR could have this property. Among those repeats, we have identified one, 4qAe, which exhibited particularly strong activation property.
Additionally, the reporter assays show that if 4qAe is put in physical proximity to the promoter of the ANT1 gene (gene located 5 Mbp distal to the 4qA region in the genome), it could strongly activate this promoter. Importantly, ANT1 is the only muscle-specific gene out of several known FSHD gene candidates and is overexpressed in FSHD cells (10, 11) . Also the ANT1 protein is involved in the redox system stability (51) and related to the hypersensitivity of FSHD muscles to oxidative stress (34) .
It appears from this evidence that the role of BSR in the transcriptional control of the 4q35 locus might be other than heterochromatinization. Taking into account the GCreach structure of BSR, their methylation state remains to be identified.
BSR polymorphism leads to the polymorphism of transcriptional activity
The comparison between 12 BSR sequences reveals a highly conserved Sau3A-containing part and a low homology part (Supplementary Figure S1) . The presence of the conserved Nucleic Acids Research, 2015, Vol. 43, No. 17 8239 part might explain why all analyzed BSR fragments could similarly act as transcriptional enhancers in our experiments. One might expect, however, that the sequence differences between individual BSR could influence the degree of enhancer activity, either by changing the affinity to transcriptional activators or else by binding of transcriptional repressors. In addition, comparing to the individual repeats the whole 4qA has a lower transcription activation potential that could be explained by the tendency of repeats to form heterochromatin, inhibitory for transcription (52) .
Our further experiments (EMSA data) provided additional evidence that an individual BSR has specific protein partners. At the same time, we do not rule out the possibility of common transcriptional factors shared by all repeats. Therefore, we suggest that a variety of transcription factors could be involved in transcriptional regulation by the 4qA allele. Further work is needed to clarify the role of sequence variability in the 4qA allele function, for example, by identifying the proteins that bind to different BSR sequences.
Overall, our results provide the first experimental evidence that BRS from the 4qA allele could act as transcription regulatory elements with different degree of enhancer activity. This could be a starting point for the future study concerning the BSR polymorphism in FSHD patients and healthy individuals. A cloning of additional 4qA alleles from FSHD patients and their analysis could be envisaged.
ZNF555 is a trans-acting element for BSR
In order to understand the mechanism of transcriptional activation by 4qAe and the role of BSR in the FSHD genesis, we searched for the proteins binding to 4qAe (the strongest BSR enhancer that we could find) using a combination of two technologies: DIG-EMSA and Mass-Spectrometry. This approach was developed by our team and enabled us to identify ZNF555, a protein that specifically interacts with BSR (4qAe). The knockdown of this protein leads to a significant reduction in the 4qAe enhancer activity for the ANT1 promoter in the reporter assay. Moreover, we observed a similar reduction effect with other promoters (SV40 and FRG1) when 4qAe was present. Given that the SV40 enhancer is not sensitive to the ZNF555 depletion, our results indicate a specific interaction between ZNF555 and the 4qAe enhancer. The ChIP data verify that ZNF555 is associated with the 4qAe region.
ZNF555 is an uncharacterized protein. The analysis of the ZNF555 expression profile provides evidence of its strong presence in myoblasts as compared with the cells of non-muscular origin, fibroblasts and HeLa cells. Moreover, we demonstrate that its expression is related to the muscle committed cells as compared with their pluripotent and multipotent precursors. Thus, we hypothesize that ZNF555 could play a role in myogenesis. Supporting this suggestion the transcriptome Meta-Analysis (53) reveals significant transcriptional changes in the ZNF555 level in musculoskeletal diseases (Nextbio.com, Illumina) (Supplementary Figure S3 ). Interestingly, a predicted functional partner available for the ZNF555 protein is ADAM12, a muscle specific cell surface protein (54,55) (String-db.org (56) , Supplementary Figure S4 ).
With consideration of the potential molecular functions of ZNF555, this protein contains DNA-binding domains and thus could have a wide variety of functions, most of which encompass some form of transcriptional activation or repression. It could be a transcriptional activator due to the presence of 15 'zinc fingers' of the Cys2-His2 type and a transcriptional repressor due to the presence of the KRAB (Krüppel associated box) domain. In our study, the ZNF555 presence in the 4q35 locus was associated with active chromatin marker and behaved rather as a transcriptional activator in luciferase assay.
Intriguingly, we did not observe a difference in the ZNF555 expression between FSHD and normal individuals, and thus we hypothesized that the permissive chromatin structure could play a role in the interaction of ZNF555 in the 4q35 region. Our data provide additional information consistent with other studies of histone modifications of 4q35 locus associated with repressed and active chromatin (57) (58) (59) . Furthermore, in our experiments the BSR region is remarkably enriched with H3K9Ac in FSHD myoblasts in comparison with the control. This is in line with the model of epigenetic activation in the 4q35 locus in FSHD (20, 24, 60) .
It should be noted that the 4q35.2 region presents high homology with chromosome 10, and the 4qA-like allele is also present in 10q region (28, 61) . However, taking together our proteomic and transcriptomic data, as well as the absence of potential myogenic genes in 10q26 and the low level of pairing between the homologous regions of 4q and 10q in the interphase nuclei (19, 62) , our data results implicate ZNF555 in the function of the 4q35 locus. It remains to be explored, however, whether the BSR and ZNF555 interaction could have broader implications, not restricted to 4q35.
Distant regulation in 4q35 locus
Our current study reveals the first evidence of 4qA BSR implication in the transcriptional regulation of the 4q35 locus and precisely, in ANT1 gene transcriptional activity. On the one hand, BSR can interact with the ZNF555 transcription factor, which impacts the activity of the ANT1 promoter in FSHD myoblasts. On the other hand, ZNF555 influences the promoter activity of the ANT1 gene via the 4qAe enhancer. Our results are in general agreement with the study of abnormal chromatin conformation changes in FSHD myoblasts (20, 22, 63) leading to the direct interactions between the 4qA region and the long distance genes in 4q35 (19) . They are also consistent with the current model of interaction between distantly located enhancer and promoter through formation of the DNA loop enabling their physical interaction (64, 65) .
We would like to mention that the ZNF555 knockdown provoked the strong reduction of the FRG1 expression. Accordingly, ZNF555 can be involved in the FRG1 transcriptional control, but neither via direct interaction since it was not found (trace level) in the FRG1 promoter by ChIP, nor via BSR since the FRG1 promoter is not sensitive to the presence of 4qAe.
We therefore propose a working model (Figure 9 ) of the functional role of the 4qA allele in the transcriptional control of the ANT1 gene in FSHD patients, where the cooper- ative BSR binding with the ZNF555 transcriptional factor could be a critical step in the formation of a transcriptionally productive complex.
Originally considered 'junk' DNA, satellite DNA have more recently been reconsidered as having various functions implicating it in different 'satellite diseases', including neurological, developmental disorders and cancers (66) (67) (68) (69) (70) . Satellite repeats could be over-represented in transcription regulatory modules and may have an impact on replication, epigenetic regulation and genomic instability. A potential role of BSR in pathology has been demonstrated (71, 72) . Therefore, the manipulation of the BSR activity might be beneficial in the treatment of FSHD, although further investigations regarding the therapeutic potential of searching the transcriptional factors associated with 4qA are necessary.
In conclusion, the effect of BSR as a part of 4qA through the ZNF555 protein opens a new perspective for the understanding of the FSHD disease development at the molecular level, alternative (or complementary) to the DUX4-dependent mechanism, which has been considered as a major candidate for FSHD. We believe that our findings could be significant in the search for new therapeutic targets and, in general, for the research strategies for FSHD and other satellite DNA diseases.
